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ABSTRACT
He, Lvmeng. M.S.Egr. Department of Mechanical and Materials Science Engineering,
Wright State University, 2015. Surface Treatments to Tailor the Wettability of Carbon
Nanotube Arrays.

Carbon nanotubes (CNTs) have gained great attention due to their excellent
mechanical, electrical, and thermal properties. Carbon nanotube (CNT) arrays attached to
solid substrates resemble a nano-carpet and have potentials in a variety of devices.
In this study, the focus is to investigate the surface modification approaches of CNT
carpets on flat (compressed) graphite. Wettability, or permeation of a liquid such as water
into the CNT strands, may play very significant roles in many applications where a CNTcoated device may be used in aqueous environment. Short-term microwave plasma
treatments were used in this project to functionalize CNT carpets for wettability.
Hydrophilic/ hydrophobic behavior, measured by the contact angle of water, could be well
tuned by controlling the exposure time. A simple method to reverse the changes caused by
plasma is to anneal in air at a temperature of 110 °C. The CNT carpets could be cycled
between hydrophobic and hydrophilic by repeated treatments of plasma and air annealing.
The extent and ease of cycling depended on the morphology of the CNT carpets.
We investigated the influence of surface nanostructure, morphology and surface
chemistry on wettability. Nanostructure and morphology of CNT arrays was studied using
field emission scanning electron microscopy (FESEM). The chemical composition of the
surface was investigated by X-ray photoelectron spectroscopy (XPS). Pure CNT carpets
iii

are superhydrophobic (contact angle > 160˚) as long as they are well aligned and do not
contain covalently bonded oxygen groups. Superhydrophobicity may be lost, or contact
angle decreased, if either alignment of CNTs is disturbed or covalent oxygen-containing
groups bind to its surface.
Young’s, Wenzel’s and Cassie-Baxter regimes are three models of contact angle
that are used to explain these observations. The wetting state and contact angle of
hydrophobic CNT arrays were compared with the values predicted by Cassie-Baxter
equation on pristine CNT carpets. The morphological parameter was obtained by
measuring multiscale dimensions of CNT carpets from SEM images. The chemical
parameter represented by inherent contact angle was obtained by measuring contact angle
on the graphitic materials, and reviewing the literature values reported on graphite and
graphene surfaces.
As an example of how wettability may influence an engineering property such as
water flow, CNT arrays were synthesized on carbon fiber cloth. The flow of water through
this porous fabric was tested. It was seen that water flow was enhanced by CNT attachment,
which may be attributed to drag reduction on super-hydrophobic surface. However, making
the CNT carpets fully hydrophilic through plasma treatment seemed to further increase
overall water flow rates, which may raise the possibility of capillary transport through
hydrophilic nano-carpet. These effects need to be investigated more carefully in future for
better understanding.
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1. Background
1.1 Carbon Nanotubes
Carbon Nanotubes (CNTs) were first discovered by Iijima, described as helical
microtubules of graphitic carbon[1]. CNTs are imagined as a cylinder from rolling one or
multiple graphite sheets. Unlike these carbon atoms in diamond forming sp3 hybrid orbitals
with 109.5° to each other in tetrahedra, carbon atoms in CNTs are bound in 3 equivalent
sp2 hybrid orbitals with 120° to each other. Although, the bonding structures of CNTs are
not exactly the same as flat graphitic material since the π-orbitals in sp2 bonds are curved
due to the rolled-up shape. Furthermore, the inner and outer π-orbitals rearrange and
become no longer perpendicular to σ-orbitals. This process is called rehybridization[2].
Properties of materils are in relation with their structures. CNTs have high tensile strength
and Young’s Modulus as a result of sp2 bonding along the axial direction,[3].
There are several methods to synthesize CNTs. They include arc-discharge, laser
ablation, and chemical vapor deposition (CVD). Arch-discharge and laser ablation are
methods both employing solid-state carbon precursors to provide carbon sources. These
two methods were established to produce high-quality nanotube structures at high
temperature, i.e., thousands degree Celsius, despite a large amount of byproducts.
Chemical vapor deposition (CVD) is a technique involving both coating thin film and
producing bulk material. Thin film deposition is carried out by flowing precursor gasses
into a furnace and react on a hot surface. By-product and unreacted gasses can be easily
exhausted. There are various kinds of CVD, such as plasma enhanced CVD and ion
enhanced CVD. In addition, physical vapor deposition (PVD) is a deposition technique
1

utilizing condensation of vaporized material to deposit thin films. Compare to physical
vapor deposition (PVD), CVD product has higher purity, higher deposition rate, and more
availability under atmosphere pressure[4]. In summary, hydrocarbon gasses are used to
provide carbon atoms; metal catalyst particles are used as “seeds” for nanotube growth.
CVD is a more cost-effective method because the deposition occurs at relatively lower
temperatures (500-1000 °C) and atmosphere pressure.
CNT has drawn considerable attention due to its great potential application in
composite material, conductive coating, microelectronics, energy storage, environment,
and biotechnology[5]. The potential to functionalize them makes CNT even more
promising.

1.2 Potential Applications of Functionalized CNTs
1.2.1

CNT-Based Biosensors
Sensors are a class of devices detecting events or changes in any signal. In general,

a sensor comprises an active sensing element or a signal transducer and produces an
electrical, optical, thermal or magnetic output signal. Biosensors is a class of sensors where
the sensing elements contain biological materials, such as protein and blood sugar. The
biosensors can be used to detect biological process or recognize biomolecules. CNTs suit
for electrochemical biosensors due to the following properties: high length-to-diameter
aspect ratio; the ability to mediate the fast electron-transfer kinetics for various
electroactive species; the ability to be attached to almost all kinds of functional groups[6].
CNT-based biosensors usually need to be functionalized with chemical groups. The
local surface difference may result in various distribution of the surface energy, providing
2

multiple active sites to have catalytic activity. Acid treatment can introduce functional
groups, such as -OH, -CHO, and -COOH. The -COOH groups on the surface of CNTs can
be further combined with protein amino groups via covalent bonding. These groups
appeared to be used to immobilize enzyme molecules and enhance the response signals of
biosensor[7]. Once the enzyme electrode is immersed in the test solution, the analyte will
come into the enzyme layer through the diffusion effect and have an enzymatic reaction
immediately. In amperometric biosensors, CNTs can also be functionalized with a variation
of enzymes to catalyze oxidation or reduction. In addition, solubility and biocompatibility
of material can be enhanced by functionalization[6].
1.2.2

CNTs in Fiber Reinforced Polymer Composite
Fiber reinforced polymer composite is an important class of engineered material

that carries a light load in the fiber direction due to its high in-plane mechanical property.
This kind of composite has been widely used as light-weight yet high-performance
structural material in automobile, aerospace, armor, railway, and sporting goods. Both
matrix and interlaminar strength determine mechanical properties, such as fracture
toughness, flexure, and compression strength of composites depend on. Improvement of
the interlaminar strength draws more attention because delamination or matrix cracking
occur due to weak interlaminar bonding between the fiber and matrix[8].
CNTs are perfect as reinforcements to reinforce the interlaminar strength of carbon
fiber polymer composites for their excellent mechanical properties, phenomenal electrical,
and thermal conductivity, and high aspect ratio [9]. However, the potential of using CNTs
as reinforcements has not been fully realized due to their difficulties in processing. Isolated
CNTs tend to form bundles and ropes due to the intrinsic van der Waals attraction of the
3

CNTs, having very low solubility in most solvents. When blended with the polymer, CNTs
agglomerate rather than homogeneously disperse into the polymer matrix, which limits the
performance on load transfer. To fully make use of CNTs in composite, functionalization
of CNTs is needed to enhance the solubility and interaction with polymer matrix[10].
1.2.3

Other Wettability-Relevant Applications
In earlier studies, nanoparticles can be attached to porous substrates for water

purification. The surface area of porous substrates were increased significantly by attaching
CNTs, which could enhance the activities, such as reaction, adsorption, and desorption[11].
Furthermore, CNT-grafted porous material could have more catalytic effect in water
treatment when functionalized with metal nanoparticles, such as Ag[12] and Pd[13]. In
these applications, surface wettability plays important role when the materials interact with
aqueous solution. The biocompatibility of scaffold also related to wettability[14].

1.3 Modification of CNT carpets
Surface modification is a sub-discipline of material science, dealing with surfaces
that matter in almost all over the industries. Bulk materials provide mechanical, chemical,
and structural integrity, and react with the environment via surface[15]. Surface
modification techniques give protections to the surface phase of bulk materials. One of the
important modification method is coating. Coating provides protection by rendering extra
properties, such as wear resistance, corrosion resistance, abrasion resistance, electrical
conductivity, and solderability to reduce the degradation rate and maintain the integrity.
Another important method of modification is functionalization, which is more widely
applied in biomaterials[16]. CNT is a material delicate chemically and physically. In order
4

to modify the CNT surface and maintain the graphitic feature, functionalization techniques
are usually used.
There are two kinds of techniques to functionalize CNTs. The first technique is wet
approach, which is to functionalize the surface with aqueous solutions. In wet approach,
the chemicals in solution create defects with oxygenated agents like HNO 3, H2SO4, and
KMnO4 to initiate functionalization. After that, the defects are stabilized with carboxylic
group (-COOH) or hydroxyl (-OH) groups[17]. These functionalized surface can be further
modified by coating, such as polymer, esterification, and thiolation. The drawbacks of wet
technique include creating large numbers of defects, long duration, and disposal issues.
The second technique is called dry technique. In the dry technique, the gas contains
active species is used to functionalize surface. Gases are activated by external stimuli such
as ultraviolet, electromagnetic field, and microwave[18]. The active species in these gases
are responsible for functionalization. Dry technique include UV/ozone and plasma.
Plasma is the more commonly used due to its high efficiency, good repeatability, and a
wide range of gas selection[19].

1.4 Plasma
1.4.1

Plasma as a Matter
Plasma is called the fourth state of matter besides gas, solid, and liquid. It consists

of charged atoms or molecules. The free electrons and ions in plasma make it electrically
conductive, internally interactive, and responsive to electromagnetic field.
Plasma occurs both naturally and man-made. In nature, Aurora involves the
interaction of ions streaming from the Sun with the Earth’s magnetic field. Aurora forms
5

near the poles where the ions have the highest density. There are more kinds of plasma
exists in the universe, such as solar corona, solar wind, and nebula. Man-made plasma is
produced by applying a high-frequency voltage between electrodes, where a glow
discharge develops[20].
1.4.2

Classification of Plasma
Plasma etching reactors can be classified based on their load capacity, the position

of material, pressure regime, electrode geometry, and generator frequency. In this work,
plasma classified according to their generating source are going to be summarized.
Radio frequency (RF) plasma utilizes industrial standard radio frequency
(13.56MHz) as a source to generate plasma. There are three kinds of RF plasma:
capacitively coupled plasma (CCP), which has another name of reactive ion etchers (RIE);
inductively coupled plasma (ICP), which is also called transformer coupled plasmas (TCP);
and helicon wave sources (HWSs) [20].
In CCPs, a RF voltage is applied across two parallel metal plates, generating an
oscillating electric field. Ions and electrons are created when the electric field beyond the
dielectric limit. At the same time, the electric field accelerates free ions and electrons.
These accelerated species are used to bombard the surface and perform beneficial functions,
such as anisotropic etching.
ICPs are generated by a magnetic field induced from a planar coil. The RF current
through external coil generates an oscillating magnetic field below and above it. Compare
with CCP, ICP has less charged particles suspended above the substrate and impurity
introduced by the internal electrode[20].
6

Microwave (MW) plasma is a plasma that excited by microwave (2.45GHz). The
microwave is generated from an external magnetron. The microwave has higher frequency
power compared to the RF plasma. MW plasma has higher dissociation rate and the
concentration of etchant species. Furthermore, ion bombardment is reduced since there is
no electromagnetic field in the chamber. As a result, device damage is reduced, the etching
uniformity is degraded, and anisotropy is lost[21]. In some cases to impart the MW plasma
anisotropy, electron-cyclotron resonance (ECR) reactor is added to MW plasma[22]. In
summary, microwave plasmas have comparatively higher population of energetic electrons
that result in more chemical reaction in etching and higher reaction rate in thin film
deposition[23].
1.4.3

Applications of Plasma
The multiple components with different masses and charges in plasma will have

different energy. The collision rate between the lighter species is higher than that between
heavier ones. Thus, lighter electrons have higher temperature than ions under a certain
electric field. Some reactions can occur when only the electron temperature reaches the
trigger level, keeping the global temperature relatively low. This lower global temperature
can facilitate some processes, such as plasma polymerization, where low temperature is
desired to keep the polymer undamaged. Plasma is used to enhance thin film process, such
as chemical vapor deposition (CVD), Physical Vapor Deposition (PVD), and sputtering
deposition[24]. Also, plasma etching is widely applied to create very-large-scale
integration in semiconductor industries.

7

1.5 Wetting Phenomenon
Wetting is a phenomenon that liquid maintains contact with a solid when brought
together. The ability of wetting, called wettability, depends on the interfacial tensions
between bulk phases. Wettability is also an indicator of interactions between the liquid
phase and the solid phase. It needs to take account the wettability in material processing
involve phase of solid and liquid, such as joining, solidification, and composite processing
[25].
1.5.1

Young’s Equation
Apparent contact angle is the angle of a liquid with a solid at the solid-liquid-gas

contact line[26] toward the liquid as shown in Figure 1. Contact angle is first modeled by
Thomas Young with the interfacial tensions of three phases[27], as given in equation(1.1)
γ
where γ

=γ

solid–gas interfacial tension; γ

+γ

cos θ

……(1.1)

is solid–liquid interfacial tension; γ

is

liquid-gas interfacial tension; θ is apparent contact angle.
Young’s equation can either be derived in the perspective of surface free energy or
vector equilibrium of surface tension[28]. In the point of surface free energy, a water
droplet stops spreading when the global surface free energy approaches minimum. For
example, a liquid droplet in air beads up to a sphere to minimize surface free energy since
sphere is the geometry with lowest surface area for a certain volume. Young’s equation can
also be obtained by balancing the surface tension at the three-phase point along the
horizontal direction.
8

1.5.2

Wenzel’s Equation
Young’s equation is particularly applicable to rigid, smooth, and homogeneous

solid surfaces. However, realistic surfaces always carry with heterogeneities. Roughness is
morphological heterogeneity where the surface morphology resembles valley and hills.
Wenzel proposed a model to estimate the contact angle in a state that water contact the
entire area of the surface with roughness[29]. Wenzel’s regime is illustrated in Figure 2 a).
Wenzel’s equation is a modified version of Young’s equation by adding a roughness factor
as given in equation (1.2):
cos

= cos

……(1.2)

Where θi is the inherent contact angle on a smooth surface; r is roughness factor, which is
defined as the ratio of actual contact area with projected area; r is always larger than 1.
1.5.3

Cassie-Baxter Equation
Chemical heterogeneity of a surface is due to the non-uniform surface composition.

Cassie and Baxter proposed a model of contact angle on chemical-heterogeneous
surface[30] as expressed in equation(1.3),
=

cos

+

cos

……(1.3)

where θ1 and θ2 are the contact angle of the two materials, respectively; f1 and f2 are the
area fractions of two material, respectively. The sum of f1 and f2 is 1.
In an extreme case where the surface is distributed with asperities, the liquid is in
contact with a fraction of solid, underneath which is air pocket. The state of wetting can be
seen in Figure 2 b). In this case, surface is also composed of two materials: solid and air,
9

whose contact angle are θ1 and 180˚, respectively. Thus, equation (1.3) can be expressed
as equation (1.4):
=

cos

+

−1

……(1.4)

where θi stands for inherent contact angle; f is the surface fraction of the solid area.
Additionally, Cassie-Baxter equation assumes the local roughness is one for the flat
top asperities as shown in Figure 3a). In some cases, local roughness is needed to be
considered. For example, in a simple case as shown in Figure 3b), local geometry at
asperities provide larger area than the flat-top asperities. Thus, Cassie-Baxter equation can
be expressed as equation (1.5) by adding a roughness factor:
= r cos

+

−1

……(1.5)

where θi stands for inherent contact angle; f is the surface fraction of the solid-liquid area;
r is the local roughness factor. In summary, the form of Wenzel’s equation (1.2) and CassieBaxter equation (1.4) are the most accepted form to estimate contact angle.

10

Figure 1 schematic of Young’s contact angle on homogeneous surface

Figure 2 schematic of a) Wenzel regime and b) Cassie-Baxter regime
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Figure 3 skematic of a) Cassie-Baxter state on flat-top asperities (r=1) and b) Cassie-Baxter state on roundtop asperities (r>1)

12

1.5.4

Superhydrophobicity

Superhydrophobic surface is a surface with water contact angle larger than 150˚ and
hysteresis less than 5˚. The most famous natural superhydrophobic surface is leafs of lotus,
where water droplet can easily roll off and clean up dirt. This easy-rolling and self-cleaning
effect is also called “lotus effect”. On lotus leaves, both surface morphology and surface
chemistry play significant roles in this self-cleaning effect. The lotus leaf has a surface
morphology of two-tier roughness: the first tier roughness is from microscale bumps
around 10 μm; the second tier roughness is from tinier asperities on the first tier roughness
around 100 nm observed. This two-tier structure is also known as hierarchical structure.
[34]. Additionally, lotus leaf is covered with a hydrophobic epicuticular wax. Thus,
superhydrophobic surfaces draw attention due to their potentials require self-clean
properties, such as solar cell cover [31], antifogging[32], and the anti-fouling surface on
ship hull[33].
The mechanism of superhydrophobic can be explained by the hydrostatic pressure.
As a water droplet is placed on a surfacce, the hydrostatic pressure was balanced with a
capillary pressure as expressed in equation (1.6),
∆ =

……(1.6)

where cosθ is the contact angle of liquid with the side wall of the asperities;

is the

liquid-gas interfacial tension; r is the radius of the space in between asperities. The less
distance between those posts, the higher capillary pressure if contact angle is larger than
90˚, hence more likely to be superhydrophobic. Thus, morphology features, such as tiny
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tips[35], highly frequent distributed[36], close distance to each other[37], and high aspect
ratio[38] have been reported to be superhydrophobic.
Many superhydrophobic surfaces have been reported with the above mentioned
morphological features and can lose the superhydrophobicity easily due to external stimuli.
For instance, superhydrophobic TiO2 nanorod films on glass substrates become
superhydrophobillic when exposed to ultraviolet, and reversed to superhydrophobic after
storage in the dark[39]; superhydrophobic ZnO nanorods films show contact angle
decreasing after UV irradiation[40]; SnO2 nanowires on SiOx become superhydrophobic
after adding “brush-type” structure[41]; CuO/Cu(OH)2 nanowire surfaces lost their
superhydrophobicity after a solution-immersion process[42].
CNT carpets are a kind of material with above mentioned morphological features,
but they have various contact angle due to the difference in techniques and fabrication
environment. Wirth et.al. reported an unstable contact angle of 126˚ decreases to 80˚ as
water droplet was deposited on CNT carpets[43]. Adrianus et.al. also claimed that the asgrown CNT carpets did not give very high hydrophobicity, yet it became superhydrophobic
after vacuum pyrolysis treatment[18]. Anderson et.al. reported a contact angle of 154˚ on
as-grown CNT carpet. Ramos et.al. reported that CO2 laser treatment could stabilize or
even improve hydrophobicity make contact angle up to 160˚[44]. Li et.al. stated contact
angle of 150˚ on as-grown CNT[45]. In summary, CNT surfaces has the capability to
become superhydrophobic due to their special morphology.
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2 Experimental
2.1 Materials and Chemicals
Pristine materials used in this research were pressed graphite from Molecular
Imaging Ltd. Commercial carbon fiber cloth were obtained from HEXCEL (ACGP206g285). Sand papers were obtained from BUEHLER (69-3172, 69-3173, and 30-5108-600102)
The chemicals used in this study were hexamethyldisiloxane (HMDSO, SigmaAldrich), xylene (C6H4C2H6,PTI Process Chemicals), ferrocene (Fe(C5H5)2 99%, AlfaAesar Ltd), and methanol(CH4O, Fisher Scientific). All theses reagents were in ACS grade
without further purification.

2.2 Microscopy
Scanning electron microscopy (SEM) is a device to observe microscopic
morphology. In a high vacuum column chamber, electrons are fired from an electron gun
and bombard the sample through a series of magnetic lenses. Some of the incident electrons
are reflected, and some of the electrons pass through the samples. Detectors are mounted
at the appropriate positions to captures these electrons. Signals from different positions
were synchronized with the pixels in computer and form an image. The brightness of the
image depends on the signal intensities of electrons, distinguishing the morphology of the
surface. Magnifications from 30X to 300,000X can be provided by this SEM. Furthermore,
characteristic X-ray emitted from the sample can be used for qualitatively elemental
analysis in an energy dispersive X-ray detector (EDX)[46].
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In this project, field emission scanning electron microscope (JEOL 7401FE-SEM)
was used to obtain the morphology of CNT carpets. The scanning of CNT on graphite was
performed in secondary electron mode with depth of focus from 3 to 15mm, accelerating
voltage of 2kV, and focus current of 8.

2.3 Spectroscopy
X-ray photoelectron spectroscopy is a device to obtain the quantitatively chemical
composition by studying the interaction of X-ray with atoms. An atom is composed of one
nucleus and a number of electrons. The electron is bound to the nucleus by electrostatic
attraction in orbitals. Each orbital can be occupied by a maximum of two electrons with a
specific binding energy. The electrons can be removed from the atoms by absorbing certain
amount of energy to overcome the binding energy.
In XPS, an X-ray produced by striking Al or Mg coated anode with electrons were
used to interact with materials. Once impinged by the X-ray, electrons are excited and
ejected with specific kinetic energy (KE) from the surface. The ejected electrons are
captured by the electron spectrometer and measured by the energy analyzer. The binding
energy of the electrons can be determined with Einstein equation as expressed in equation
(2.1),
KE = hν − BE

……(2.1)

where the KE and X-ray energy hν are known. If there is overlapping of core-level orbitals
in BE, it can be resolved by comparing other orbitals in the spectrum[47].
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The chemistry characterizations in this study were accomplished using Krato (Axis
Ultra) XPS system. XPS was performed with a monochromatized Al-Kα source (1486.6ev)
in ultrahigh vacuum chamber (UHV, ~10-9 Torr).

2.4 Wettability Measurement
2.4.1

Assembly of Goniometer
A goniometer is an instrument that used to measure apparent contact angle,

advancing, and receding contact angle in surface science. In this work, the goniometer that
measures apparent contact angle was assembled in lab using comercial available
components. In the goniometer system, a camera was mounted on a tripod close to a table.
The samples of interest were placed on the edge of the table in order to be within the focus
length. A dark box made of a cardboard box was used to reduce the illumination. Two
square holes were cut on the two opposite sides of the dark box: one was covered with a
piece of tracing paper; the other was for operating the camera. The schematic of the
goniometer can be seen in Figure 4. In each measurement, 5μL of deionized water was
placed with a micropipette. All the hardware components are tabulated in Table 1.
2.4.2

Measurements of Contact Angle
The contact angles were measured by analyzing the pictures of a liquid droplet on

the solid surface. The software needs to have the capability to draw straight line, curve,
tangent, and measure angle. The software, ImageJ, is the most commonly used one to
analyze apparent contact angle[48]. In this project, a CAD software, SolidWorks, was
utilized to measure the contact angle due to its reliability in data acquiring. Baselines,
curves, and tangent lines can be drawn easily and precisely in SolidWorks. An example of
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contact angle measurement is shown in Figure 5. The operational details of SolidWorks
are provided in Appendix A.
The goniometer was optimized to improve the quality of the pictures. Under normal
room illumination, pictures of water droplet encounter the effect of optical noise induced
by the refraction and reflection. It can be seen in Figure 6 a), the optical noise blurs the
contour of water droplet dramatically, particularly at the three-phase contact line. Inspired
by the work of Guillaume et.al.[48], one side of a cardboard box was covered with a tracing
paper, providing a homogeneous background as a light diffuser. It can be seen in Figure 6
b), pictures with sharp and clear contour of the water droplet was taken after adding a
tracing paper.
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Figure 4 schematic of goniometer assembling
Table 1 components of contact angle measurement system

Components

Made

Tripod

Polaroid

Tripod mount

The Glif

iPhone 4s

Apple

3 in 1 lens
Dark box

-
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Figure 5 example measurement of water contact angle in SOLIDWORKS

a

b

Figure 6 pictures of water droplet a) before and b) after covering with tracing paper on dark box
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2.4.3

Calibration Test of Goniometer System
In this section, precision was evaluated by contact angle measurement at different

scale of wettability. Surfaces of different wettability were measured for ten times manually
for validation. The contact angle values are 164.3°± 3.7 for the superhydrophobic surface;
118.1° ± 1.5 for the hydrophobic surface; 39.4° ±1.4 for the hydrophilic surface; 21.4° ±5.1
for the superhydrophilic surface. The standard deviations are in good level.
For the highly hydrophilic surface, the uncertainty is mainly induced by optical
noise. It can be seen on the top part of water droplet in Figure 7, water droplet spreads over
easily and flatten on highly hydrophilic surface. The reflection leads to great uncertainty
when trying to fit the contour with a curve as shown in Figure 8.
For the superhydrophobic surface, the uncertainty is induced by the effect of gravity.
Although the contact angle values have small standard deviation on superhydrophobic, the
trueness of the value has been questioned[49]. It has been reported that sagging effect
becomes more significant when the hydrophobicity is increased[50]. The spherical water
droplet on superhydrophobic surface is distorted to ellipse due to this sagging effect, which
leads to underestimattion of contact angle values. This sagging effect is unavoidable unless
the gravity is eliminated. What researchers can do is be aware that the measured value of
180° is unrealistic, and when the measured contact angle is larger than 160°, the system is
assumed to be superhydrophobic.

21

Figure 7 droplet on superhydrophilic surface

Figure 8 uncertainty of curve fitting due to reflection on superhydrophilic surface
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2.5 CNT Fabrication
2.5.1

Plasma Enhanced Silica Coating
A layer of silica (SiOx) was coated prior to CNT fabrication with the technique of

plasma enhanced chemical vapor deposition (PECVD). The coating was carried out in a
microwave plasma reactor (V15GL, PlasmaTech Inc.). The sample was placed on a holder
and exposed to the plasma of hexamethyldisiloxane (HMDSO) and oxygen. Each process
has three sub-processes. The details of subprocess for graphite and carbon fiber cloth are
tabulated in Table 2:
2.5.2

Chemical Vapor Deposition
The CVD system consist a CVD furnace and a computer control module (OTF-

1200X-III, MTI). The CVD furnace has three temperature zones: left zone, center zone,
and right zone. The deposition was carried out in a quartz tube with outer diameter of 80mm,
inner diameter of 72mm, and length of 1400mm. The maximum operational temperature is
1200˚C. Two cylindrical refractories were placed on each side of the tube to insulate heat
radiation. Two flanges were installed on each side and sealed with O-rings to seal the quartz
tube. Two flowmeters (RMA-13&RMA-11, Dwyer) were connected to the hydrogen and
argon cylinders to control the flow rate.
An injection module was connected next to the furnace. Liquid phase solution was
injected with an infuse pump (Pump 11 Elite, Harvard apparatus) in a 60ml stainless steel
syringe. A stainless steel needle was mounted on the stainless steel syringe with inner
diameter of 0.03 inch, outer diameter of 0.23 inch, and length of 60inch (Small parts). The
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needle and syringe were sealed with a polymer ferrule (PN TL-10108 RF, TALUtech) in a
cap. The schematic of CVD reactor is shown in Figure 9.
The pre-coated graphite was placed on a graphite holder with a coated side up. For
carbon fiber cloth, the coated fiber cloth was placed vertically in the grooves of a graphite
holder. Argon was filled in the furnace at 800cc/min initially to keep the furnace in an inert
atmosphere. The CVD reactor was heated to 700℃ at a rate of 10℃/min. Once the
temperature reached 700℃, turn on hydrogen to 240cc/min and increase argon to
1200cc/min, and started to feed the solution of xylene/ferrocene at rate of 12.5ml/min. The
mixing ratio of ferrocene/xylene solution is 0.1g of ferrocene and 10ml of xylene. After
30-40mins of reaction, turn off hydrogen and cooled down the furnace at 5℃/min to room
temperature, 25℃, in an Argon atmosphere. The whole process of preparation of CNTs by
chemical vapor deposition is based on previous work[51][11].
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Table 2 sub-process of silica coating for different samples

Substrates

Front Coating

Back Coating

Purpose

Graphite

123232323

N/A

Silica Coating

Carbon Fiber Cloth

12323

32323

Silica Coating

1. O2 (50ml/min, 50 Pa) gas was introduced into microwave plasma chamber at
225w for 180 seconds to surface cleaning and activation.
2. O2 (50 ml/min, 60 Pa) and HMDSO (2 ml/min) were introduced at a
microwave power of 250W for 300 seconds, which is for silica coating.
3. O2 (50ml/min, 50 Pa) was introduced into the chamber at 150w for 60 seconds
to stabilize the oxide coating.

Figure 9 schematic of CVD furnace
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2.5.3

Surface Functionalization with Microwave Plasma
Surface modification was performed in a microwave plasma reactor (V15 GL by

PlasmaTech Inc.) with activated oxygen plasma. Samples of interest were placed on a
holder with approximate 27mm below the dielectric window. Oxygen plasma was
generated under microwave power of 115w with oxygen at a delivery rate of 50 ml/min for
several seconds.
2.5.4

Air Annealing Treatment
The samples of interest were placed in an environmental furnace (TJR-15, Tenney

Engineer, Inc) with a hot air circulation generated by an installed fan and heater. Samples
were placed on a glass petri dish for 3 hours at 110˚C.
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3 Tuning the Wettability of CNT Arrays
3.1 Wettability Change with Surface Treatments
3.1.1

Tune the Wettability of CNT Arrays with Plasma Treatments
In this work, CNT carpets grown for 30 minutes were chosen as the standard sample.

115w of short-term oxygen microwave plasma was used to attach functional groups onto
CNTs. The contact angles were measured with in-lab built goniometer. At least five spots
were chosen for contact angle measurement to get a reliable average value.
As-grown CNT carpets were found to be superhydrophobic, meaning the contact
angle is larger than 150˚. Short-term oxygen plasma generated by microwave was used to
modify the surface wettability. The contact angle was modified with the exposure duration.
Oxygen plasma generated by 115w reduce the contact angle to 20˚ in 6 second. The change
of contact angle with plasma duration is plotted in Figure 10. The insets are two pictures
of a water droplet with contact angle larger than 160˚ and less than 20˚.
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3.1.2

Reverse Wettability of CNT Arrays
In this section, the goal is to check if the contact angle of 4s-plasma treated CNT

carpets could reversed to hydrophobic from hydrophilic by heat treatment. Heat treatment
temperature selected was 110°C, since it is higher than boiling point of water. Five spots
were chosen for contact angle measurement. Each contact angle values of the first set of
measurement were on a fresh surface as shown in Figure 11.
The static contact angle of plasma-treated CNT can be reserved to 165˚. Treatment
of 3 hours of heating in air have turned plasma-treated CNT of 4s and 10s to
superhydrophobic. The contact angle of 10s-plasma-treated sample increased slower than
4s-plasma-treated sample as shown in Figure 12.
It must be noted that the hydrophilic-to-hydrophobic wettability change was also
observed when the CNT carpets were allowed to store in the lab for several days. The
hydrophilic samples were stored in a petri dish and kept in desiccator at room temperature.
The hydrophilic CNT samples became hydrophobic after sitting in the dark desiccator for
a few days as shown in Figure 13. Similar phenomenon has also been found on other
materials, such as ZnO[40] and TiO2[52]. On ZnO and TiO2, defects have been created by
ultra violet and hydroxyl groups were attached so to be hydrophilic[53]. After stored in the
dark for certain amount of time, those samples turned to be superhydrophobic/hydrophobic
since the hydroxyl groups were replaced by oxygen in the air. This is because the
absorption of oxygen or other gasses from air is more thermodynamically favorable.
Likewise, the attached hydroxyl groups on CNT carpets have low binding energy and
desorbed as exposed to atmosphere or by heat treatment.
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Static Contact Angle(˚)

180.0
160.0
140.0
120.0
100.0
80.0
60.0
40.0
20.0
0.0

Contact Angle vs. Plasma Treatment Time
115w

0

2
4
6
Plasma Treatment time / s

8

Figure 10 contact angle on CNT carpets under 115w with microwave treatment time

Figure 11 contact angle measurement was carried out on pristine CNTs
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Contat Angle (˚)
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60
40
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0

Contact Angle Vs Heat Treatment
4s 115w

10s 115w

0hr

0.5hr

1hr

Air Annealing Duration

3hr

Figure 12 contact angle of CNTs treated with 115w oxygen plasma for 4s (diamond) and 10s (square)
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Contact Angle vs. time in petri dish

Contact Angle(˚)
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120
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0

day0

day1

day3

Store in Dark Duration

day7

Figure 13 115w oxygen plasma treated CNTs 4s (diamond), 10s (square) reversed with a time of sitting in
petri dish
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In the surfaces once were hydrophilic, CNT carpets were found to collapse after
water contact angle measurement. A second set of measurements were carried out on the
collapsed CNT carpets as shown in Figure 14. Surface wettability on this morphology
behaved differently with vertically aligned CNT carpets.
The static contact angle increased and saturated to a value less than 160˚ as shown
in Figure 15. The contact angle could not be increased further even after prolonging the
duration of the air annealing treatment up to 9 hours. The only difference between collapsed
CNT and aligned CNT carpets is surface morphology. This indicate that morphological
feature of aligned CNT carpets is an important factor rendering a surface
superhydrophobicity.
In summary, the static contact angle of plasma-treat CNT carpets increases with the
duration of air annealing treatment. Plasma is a temporary surface treatment since the static
contact angle of plasma-treat CNT carpets increased as kept in the desiccator at room
temperature. The pristine CNT that previously treated with 10s oxygen plasma can be
restored to superhydrophobic by 3 hours of air annealing at 110˚C or drying at the
desiccator. Surface morphology plays a fundamental role in surface wettability especially
in superhydrophobicity.
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Figure 14 schematic of contact angle measurement on the collapsed CNTs

180.0
160.0
140.0
120.0

1s oxygen plasma
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80.0

3s oxygen plama

60.0
40.0
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20.0

0.0

0hr

3hr

6hr
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Figure 15 contact angle reversion of 1s (square), 2s (diamond), 3s (triangle), and 4s (circle) of 115w-oxygenplasma CNT for on collapsed CNT carpets
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3.1.3

Switchable Contact Angle
In the previous section, contact angle values of CNT carpets have been reduced and

increased by plasma and heat treatments, respectively. Switchable wettability has potential
for practical applications in microfluidic device[54] and lab-on-chip systems[55].
In this section, the switching wettability with cyclic treatment of short-term
microwave plasma and air annealing is studied. CNT samples were treated with cycles of
oxygen plasma and heat treatment. Four sets of plasma treatment sample used were 1s, 2s,
3s and 4s of 115 watts oxygen plasma, respectively. The temperature of heat treatment
selected is 110 ˚C and the duration is 3 hours. Contact angle of two kinds of CNT carpets
were measured with two sets of experiment.
In the first set, contact angle values were measured on pristine CNT carpets after
plasma treatment. The samples were heated on pristine and collapsed CNT carpets. In the
first set, all contact angle measurements were carried out on pristine CNT areas. The way
of choosing pristine area is illustrated in Figure 16. The contact angle of 4-sconds-treat
CNT carpet decreased from 162˚ to 51˚ after oxygen plasma treatment and increased to
162˚ again after the first air annealing treatment. In the second cycle, contact angle
decreased to 51˚ and increased to 162˚. In the third cycle, the contact angle decreased to
51˚ and increased to 162˚, again. The other three sets have consistent up-and-down trends
in contact angle as shown in Figure 17. More specific data of these four sets are shown
Appendix B.
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Contact Angle(˚)

Figure 16 schematic of choosing pristine CNT carpets in measuring contact angle
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Plasma

Air Annealing

Plasma

Air Annealing

Plasma

Figure 17 switchable contact angle values undergo cycles of oxygen plasma and air annealing treatment on
pristine CNT carpets
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In the second set, collapsed CNT carpets were chosen to measure contact angle
after each treatment. The process of choosing collapsed CNT carpets is illustrated in Figure
18. The static contact angle decreased with the oxygen plasma treatment and increased with
air annealing. It can be seen in Figure 19, for the 4s-plasma-treat samples, the contact angle
decreased from 160˚ to 51˚ after oxygen-plasma treatment, and increased to 154˚ after the
air annealing treatment; in the second cycle, the contact angle decreased to 50˚ and
increased to 140˚; in the third cycle, the contact angle decreased to 30˚ and increased to
142˚. More contact angle values on collapsed CNT carpets are given in Appendix B. Unlike
the data of first set, a decreasing trend was observed along the sequence of cycles. It can
be seen in Figure 19, the contact angle decreased more after each plasma treatment. The
wettability of the collapsed CNT could be partially reversed to superhydrophobic. The
downward trend of static contact angle of each step along the cycles might be caused by
more collapsed CNT after contact angle measurement or more oxygen residual after
plasma-water-heat treatment cycles.
In summary, the switchable wettability is achieved by the cyclic treatment of
plasma and heating treatments. The cycles of switchable wettability show less consistency
on the collapsed CNT carpet than the non-collapsed CNT. Therefore, for most applications
when CNT is not collapsed by water dropping, wettability can be switched between
superhydrophobic and superhydrophilic with good repeatability.
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Figure 18 schematic of choosing collapsed CNT carpets in measuring contact angle
180

Contact angle(˚)
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4s plasma
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As grown
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Air Annealing

Plasma

Air Annealing

Plasma

Air Annealing

Figure 19 switchable contact angle values of collapsed CNTs with plasma and air annealing cycles

36

3.2 Surface Morphology Analysis
Surface morphology plays an important role in wettability. It is necessary to
investigate the morphology of CNT carpets if one want to study the wettability. The
morphology of a surface can be evaluated using scanning probe microscopy, or optical
microscopy or scanning electron microscopy (SEM). For this study, we are using scanning
electron microscopy.
In this section, the morphology of CNT carpets of three steps of treatment were
analyzed. These three steps of samples are pure as-grown, oxygen treated CNT for 10s
under 115w plasma, and heat-treated CNT carpets after plasma treatment in air at 110˚C
for 3 hours.
In Figure 20 and Figure 21, it can be seen that the top-view of pure CNT carpets
have uneven morphology. At the higher magnification, CNTs show entangled
configuration resembling spaghetti. In Figure 22, the side view of CNT carpets consists of
micro-scale roughness, which resembles valleys and hills. When zoomed into the
magnification of 5,000x, it was observed that CNTs are entangled with each other as shown
in Figure 23. Millions of nanoscale entangled CNTs compose these microscale hills. This
special morphological feature is referred to here as two-tier or two-level roughness.
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Figure 20 top view of as-grown CNT carpets on graphite 400x

Figure 21 top view of as-grown CNT carpets at 20,000x

38

Figure 22 side view of as-grown CNT carpets on at 400x

Figure 23 side view of as-grown CNTs at 5000x
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The morphology of CNT carpets after 4s oxygen plasma observed with SEM are
shown in Figure 24 to Figure 25, and after heat treatment are shown in Figure 26 to Figure
27, respectively. There is no apparent morphological change after oxygen plasma treatment
or heat treatment.
Functionalization of CNT may involve breaking some carbon-carbon bonds or
bonds of carbon with impurities and replacing with some other bonds. All of these are
atomic changes, which are not detectable in the magnification of SEM unless very large
amount of carbon atoms are destroyed. Now that the short-term oxygen plasma, a gentle
surface treatment involves local bonds breaking and replacing, does not change CNT
morphology.
The treatment that created significant change in carpets morphology is water
contact angle testing on hydrophilic CNT carpets. Collapsed CNT carpets due to water
droplet placing were observed after during as shown in Figure 28 and Figure 29. In Figure
28, the fluffy and brighter area represent aligned CNTs; the flat and darker area represents
collapsed CNTs. This collapsed structure are caused by capillary force during water
evaporation[56]. As water deposited and began to evaporate, the CNTs stuck to each other
and leaned to random directions, forming collapsed CNT carpets. It has been mentioned in
section 3.1 that on the collapsed CNT carpets, wettability cannot be reversed to
superhydrophobic. This collapsed configuration has potential in many applications, such
as novel microfluidic device, cell seeding, and pressure sensitive adhesives[57].
To sum up, surface treatment has minor effect on surface morphology of CNT
carpets. Water contact angle measurement can introduce dramatic morphological change.
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Figure 24 top view of CNT carpets after plasma treatment for 4s at 400x

Figure 25 top view of CNT carpets after plasma treatment for 4s CNTs 100,000x
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Figure 26 top view of CNT carpets after heat treatment at 400x

Figure 27 top view of CNT carpets after heat treatment at 100,000x
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Figure 28 top view of boundary between uncollapsed and collapsed CNT carpets

Figure 29 top view of a hill in the area of collapsed CNT
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3.3 Surface Chemistry Analysis
In this study, the surface chemistry is studied with x-ray photoelectron spectroscopy
(XPS). XPS is a spectroscopic technique to quantitatively measure the chemical
composition. The tree steps of CNT states are as-grown CNT carpets, CNT carpets that
have been treated with oxygen plasma, and CNT carpets treated with plasma-then-heat
treatment. To simplify the description of above mentioned CNT carpets, they are denoted
as as-grown CNT, after-plasma CNT, and after-heat-treatment CNT, respectively.
The qualitatively elemental analysis was obtained from the low-resolution XPS
spectrum. It can be seen in Figure 30, the peak at 285eV and at 532eV indicate carbon and
oxygen presence, respectively. Carbon atoms in CNTs are bound to each other by sp2
bonds. The carbon atom has an orbital configuration of 1s 22s22p2. C1s has the highest
intensity among all the orbitals is because C1s orbitals have a higher probability of ejecting
free electrons than the valence orbitals when struck with high-energy x-ray[46]. The
intensity of O1s are slightly different in these three spectra. Quantitatively of carbon and
oxygen are about to discussed in the following sections.
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Figure 30 general scan of CNTs a): as-grown CNT b): after-plasma CNT: c) after-heat-treatment CNT
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3.3.1

C1s Survey Scan
Survey scan is a high-resolution scan where scanning step is 0.1eV. From Figure

31 to Figure 34, survey scan of C1s peaks, carbon states have been changed due to surface
functionalization can be clearly seen. These peaks were deconvoluted using components
C1s, Pi-Pi, and C-O/OH. The main C1s and Pi-Pi components are characteristic of graphitic
carbon, which is also the primary component of CNT. The C-O/OH is the component when
carbon is bonded with oxygen (Either an OH group or another oxygen containing radical).
The contribution of each component is shown in the insets of each figure.
To quantify the atomic percentage of the new bonds, deconvolution, a process that
mathematically fit the peak with several component peaks, was applied on these spectra
from Figure 32 to Figure 34. In Figure 32, C1s peak was deconvoluted to a C1s peak at
284.8 eV and a Pi-Pi peak at 291±0.5eV, respectively[58]. In Figure 33, besides C1s peak
and Pi-Pi peak, a C-O/OH were resolved at 287 eV, which confirms the presence of CO/OH after functionalized with oxygen plasma. In Figure 34, the C-O/OH component at
287 eV was weaken after heat treatment. According to the quantitative analysis, the
asymmetric peak decreased from 97.9 at.% to 92.1 at.% after plasma treatment, and
increased from 92.1 at% to 97.1 at.% after heat treatment. The C-O/OH increased from
below detection to 3.0 at.% after plasma treatment and reduced to 0.9 at.% after heat
treatment.
The results indicate that the component of C-O/OH can be increased by oxygen
plasma and reduced by heat treatment. The deconvolution results are tabulated in Table 3.
Figure 35 shows that correlation of the C-O/OH with apparent contact angles. The contact
angle decreased as hydroxyl component (C-O/OH) increased.
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Peak at 286eV

Figure 31 C1s fine scan of a) as-grown CNTs b) after-plasma-treated CNTs c) after-heat-treatment CNT
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Figure 32 C1s deconvolution of as-grown CNT carpets
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pi-pi
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Figure 33 C1s deconvolution of after-plasma-treatment CNT carpets
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Figure 34 C1s deconvolution of after-heat-treatment CNT carpets.
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Table 3 relative atomic concentration of carbon components.
BE (eV)

As-grown-CNT
(at.%)

Oxygen-plasma-CNT
(at.%)

Air-Annealed-OxygenCNTs(at.%)

C asymmetric
peak

284.6±0.1

97.7

92.1

97.2

C-O/OH

286.6±0.1

Below detection

3.0

0.9

pi-pi peaks

291.0±0.1

2.3

4.9

1.9

180
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Figure 35 correlation of apparent contact angle with the relatively atomic concentration of C-O/OH
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3.3.2

O1s Survey Scan
In addition to C1s peak, O1s peak of CNT carpets of three steps were analyzed.

Figure 36 to Figure 39 show survey scans of O1s peaks. The state of oxygen changed by
microwave plasma can be clearly seen. In Figure 36, the intensity of O1s peak was
increased after oxygen plasma and reduced after heat treatment. In addition, the peak was
shifted from 532.0 eV to 533.0 eV after plasma and shifted back to 532 eV after following
heat treatment. These peaks were deconvoluted using component C-O/OH and C=O, the
most likely covalent bonding of oxygen at their corresponding binding energies[58]. The
contribution of each component are shown in each figure.
In Figure 37, it can be seen that C=O at 533.1±0.1 eV with concentration of 78.76
at.% and 21.24 at% of C-O/OH at 532.0±0.1 eV were resolved. In Figure 38, the C-O/OH
groups were increased from 21.24% to 68.82% after plasma. In Figure 39 C-O/OH were
decreased from 68.82% to 30.11% after the following heat treatment. Accordingly, CO/OH group is the component that has been introduced by oxygen plasma and reduced by
heat treatment. Figure 40 shows that the contact angle was correlated with C-O/OH
contents.
In conclusion, oxygen plasma introduced covalent bound C-O/OH group on CNT
carpet. Air annealing is a quick, yet effect method to reduce the oxygen content including
C-O/OH. The covalently bonded hydroxyl (C-O/OH) groups were responsible for the
wettability change. The more hydroxyl groups were attached, the lower of static contact
angle on the CNT carpet[59].
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Figure 36 O1s fine scan of as-grown CNT carpets, after-plasma-treatment CNT carpets, and after-heattreatment CNT carpets

C=O

C-O/OH

Figure 37 O1s deconvolution of as-grown CNT carpets
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C-O/OH

C=O

Figure 38 O1s deconvolution of after-plasma-treatment CNT carpets

C=O

C-O/OH

Figure 39 O1s deconvolution of after-heat-treatment CNT carpets
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C-O/OH concentration of O1S

180

Contact Angle vs. C-O/OH of O1s

4 Wettability Model for CNT Arrays
4.1 Wettability of CNT Arrays
Surface wettability is measured by contact angle, which is quantified with Young’s
equation as expressed in equation (4.1):
cos

=

……(4.1)

Where θ is the the contact angle; γSG is the solid–gas interfacial energy; γSL is the solid–
liquid interfacial energy; γLG is the liquid-gas interfacial energy.

However, Young’s equation applies to surfaces that are smooth and chemically
homogeneous. For surfaces with heterogeneous features, such as roughness and chemical
heterogeneity, this model needs significant modification. At the moment, there are two
simplified, yet widely accepted models that are little more realistic for estimating contact
angle: Wenzel’s model and Cassie-Baxter model.
In Wenzel’s model, the liquid is in contact with the entire solid area. The contact
angle can be calculated with equation (4.2),
cos

= cos

…… (4.2)

Where θi is the inherent contact angle on the solid material; r is roughness factor, which is
defined as the ratio of rough surface area to projected surface area.
According to this definition, CNT carpets have an extremely large roughness factor
due to the nature of high aspect ratio. This high r leads to either extremely high contact
angle for hydrophobic surface when θi >90°, or extremely low contact angle when θi <90°.
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However, the observation of plasma treated contact angles show continuous values. Thus,
Wenzel’s regime may not be the perfect model to calculate the continuous contact angle
on plasma treated CNT arrays.
In Cassie-Baxter model, the liquid contact only a fraction of the solid area. Thus,
there are two components of the contact projected area: solid-liquid area and air-liquid area.
These two kinds of area are represented in term of fraction. The Cassie-Baxter equation is
shown in Equation (4.3).
=

cos

+

−1

…… (4.3)

where θi stands for the material contact angle; f is the area fraction of solid-liquid area; (1f) is the area fraction of air-liquid area.
Cassie-Baxter equation is suitable for the contact angle estimation on hydrophobic
surfaces. Thus, water on superhydrophobic CNT carpets in our experiment can be
represented by Cassie-Baxter regime. Two parameters are required to determine the
Cassie-Baxter contact angle: chemical parameter and morphological parameter,
represented by inherent contact angle and area fraction, respectively

4.2 Chemical Parameter: Inherent Contact Angle
Assuming that surfaces have uniform composition, the chemical parameter can be
represented by inherent contact angle, which is the contact angle on a smooth and
homogeneous material. The pristine CNTs have the same chemical bonding as graphitic
carbon, it is reasonable to assume the water contact angle on the flat graphitic material can
be regarded as an estimation of the inherent contact angle of CNT carpets.
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4.2.1

Inherent Contact Angle from Flat Graphite
Initially, an experimental approach was adapted to obtain the contact angle on flat

graphite. Compressed graphite pieces were used as our model graphitic surface. Three
grades of roughness were tested: as-received graphite, roughly polished graphite, and finely
polished graphite. The roughly polished graphite was obtained by polishing with a 600 grit
SiC sandpaper; the finely polished graphite was obtained by polishing progressively with
a 600 grit SiC sandpaper, a 1200grit SiC sandpaper, a 3μm Al 2O3 sandpaper, and a 1μm
Al2O3 sandpaper. All these samples were cleaned with water, acetone, and methanol
sonication in sequence, and then dried in an air furnace at 110 ˚C for 3 hours. The Root
Mean Square (RMS) roughness were measured by Atomic Force Microscopy (AFM). The
RMS values for these three kinds of samples are 22.87nm, 154.9nm and 51.36nm,
respectively. These three kinds of samples have contact angles of 76.7±7.5˚, 96.5±3.6˚, and
67.7±4.4˚, respectively.
In literature, there is a large variation of water contact angle on flat graphite
reported. Fowkes et.al. obtained water contact angle of 86˚ on a slab of a polished Ceylon
graphite[60]. Osborne et.al. achieved water contact angles range from 85˚ to 115˚ on ZYA
graphite after peeling off a few layers[61]. M. Pavese et.al. reported 97˚ on a commercial
graphite[62].
It can be seen that both the literature and experiments show a range of contact angle.
This wide range maybe due to the special crystallography and bonding of this material.
Graphite has a layered structure. The carbon atoms in graphite have strong covalent bonds
within a layer and weak van der Walls bonds between the layers. Therefore, graphite pieces
or blocks are very soft and easy to carry defects at the planes and edges of graphite[47],
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which leads to variations of contact angle. Thus, it is determined that a graphitic surface
with fewer defects and lower roughness is needed to provide inherent contact angle.
4.2.2

Inherent Contact Angle from Graphene
In the literature, there is also variation of contact angle on graphene. Min et.al.

measured the contact angle of 107˚ on graphene film prepared by liquid-phase
exfoliation[63]. Fereshte et.al. obtained of 95˚ to 100˚ by molecular dynamic simulation
[64]. Singh et.al. got 96˚ in their molecular dynamic simulation[65].
The inherent contact angle range of graphene from the literature is 95˚ to 107˚. It
can be noticed that the range of contact angle values on graphene is less than the range of
compressed graphite. Graphene is fabricated with more cautious and supposed to carry less
defects. Furthermore, Graphene is a material with a layer of pure carbon atoms bonded by
sp2 hybridization in a honeycomb lattice. CNT and graphene are believed to have the same
chemical bonding since CNTs is an imaginary rolled graphene[66]. Thus, the contact angle
on graphene can also be regarded as a reasonable estimation of inherent contact angle of
CNT carpets.

4.3 Morphological Parameter: Areal Fraction
The morphological parameter in Cassie-Baxter model is represented by the ratio of
solid-liquid area to the entire droplet bottom area. It can be seen in the cross section image
shown in Figure 41, microscale roughness is established on the top of CNT carpets the
bumps in several microns. In higher magnification images as shown in Figure 42, nanoscale
roughness is established in the microscale bumps. To obtain the areal ratio of CNT carpets,
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roughness of both scales are required to be considered. In this work, two approaches are
used trying to estimate the areal ratio: numerical approach and brightness approach.
Some simplification are needed to be proposed for this complex structure. The idea
of simplification is to regularize the irregular and random CNT carpets to a numerable
configuration. In microscale, the wavy configuration resembling a sine wave is simplified
to a configuration resembling a square wave as illustrated in Figure 43 a). In perspective
of three dimension, these CNT bumps can be considered as cuboids and distributed in
square pattern. In nanoscale, CNTs are considered as solid cylinder grow vertically away
from graphite substrates to a certain height as illustrated in Figure 43 a) and b). In this way,
the number of CNTs that are in contact can be counted as number of CNTs within the
square bumps as shown in Figure 43 c).
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Figure 41 surface morphology of CNT carpets at low magnification

Figure 42 surface morphology of CNT carpets at high magnification
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4.3.1

Numerical Approach
In this section, the dimensions and distribution of CNTs were estimated with

numerical approach. The area fraction at microscale was obtained with the dimension of
the microscale bumps and their distribution. There are 17.7 bumps in average within a

length of 320 μm, which is the width of a 400X image as shown in Figure 44. Therefore,

the linear density of bumps is 55 bumps per 1000 μm (divided 17.7 by 320). The width of

each square is averaged from the half widths of the bumps, which is 9.03 μm. Likewise,
the area fraction at nanoscale was obtained with need the dimension of the CNTs and their
distribution. The average diameter of individual CNT is 26.6 nm by measuring the CNT
diameters in SEM images at high magnification as shown in Figure 45. The linear density
of CNTs is 16.6 nanotubes/μm, and hence the area density is 277 nanotubes/ μm2.

The area fraction in microscale, fm, can be calculated by multiplying the top area of
individual cuboid with its area density as expressed in equation (4.4)
f = ( /2) × (

) = (9.03) × (55/1000) = 0.247

…… (4.4)

where fm is the area fraction of microscale roughness; P is the average bottom width; Q m is
linear density micro bumps.
The areal fraction within each cuboid is calculated by multiplying the top area of
individual CNT and the areal density of CNT expressed in equation (4.5):
f = ( ) ×

= (

.

) × 277
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= 0.153

…… (4.5)

Where D is the average diameter of individual CNT, and Q n is the linear density of CNTs.
With both microscale and nanoscale area fraction. The overall surface fraction that in
contact with water is expressed in equation (4.6):
f = f × f = 0.247 × 0.153 = 0.038

…… (4.6)

where f is the overall area fraction; fm is the microscale area fraction; fn is the nanoscale
area fraction. By applying the area fraction from equation (4.6) and inherent contact angle
range 95 to 107˚ obtained in section 4.2 in Cassie-Baxter equation, the estimated contact
angle is 164.9-166.7˚. These estimated contact angle values are in good agreement with
experimental values.
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Figure 43 a) realistic schematic of two-level roughness b) simplified schematic of two-level roughness of
the CNT carpet c) top view of simplified micro-scale roughness

Figure 44 examples of micro-scale roughness measurement in SEM image
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Figure 45 example of diameter measurement of CNTs in high mag SEM image
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4.3.2

Brightness Approach
SEM is commonly used to qualitatively characterize surface morphology. Lee et.al.

have explored the utilization of SEM images to quantitatively estimate the area fraction on
boron nitride carpets[67]. As inspired by their work, we assumed that pixels in different
brightness in the SEM images represent different heights of CNT carpets. The pixels above
a certain brightness were selected and counted. Although the selection of cut-off brightness
does depend on researchers’ experience, the random errors could be minimized by
averaging measurements from numbers of images.
With the software imageJ, a proper degree of intensity was selected to distinguish
the bright and dark areas as shown in Figure 46. The selected bright areas were regarded
as the top part that are in contact with water. The area fraction is the ratio of bright pixels
over the entire image as. In this way, nanoscale area fraction, f n, obtained from high
magnification images is 0.14, and microscale fraction, fm obtained from low magnification
images is 0.33. The area fractions was obtained from the production of f n and fm, which is
0.462. By applying the f value and the inherent contact angle range in Cassie-Baxter
equation, one will get the estimated contact angle of 163.3-165.3˚ as tabulated in Table 4.
In summary, numerical approach and brightness approach have been utilized to
estimate the area fraction f in Cassie-Baxter equation. Despite the approximations and
assumptions in the two approaches, the contact angle values estimated with Cassie-Baxter
equation show good agreement with experimental values as tabulated in Table 4 and Table
5.
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a

b

c

d

Figure 46 SEM image a) before processing at low magnification, b) after selecting bright pixels at low
magnification, c) before processing at high magnification, d) after selecting bright pixels at high
magnification.
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Table 4 the estimated results of surface fraction

Numerical Approach

Brightness Approach

fn

fm

0.153

f

0.247

0.14

0.038

0.33

0.0462

Table 5 comparison of estimated contact angle values and experimental contact angle values

Approaches
Numerical Approach
Brightness Approach

Inherent
contact
angle

Area Fraction/f

Estimated Value

Experimental
Value

95-107˚

0.038

164.9-166.7˚

165 ˚

95-107˚

0.0462

163.3-165.3 ˚

165 ˚
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4.4 Qualitative Intermediate State
It needs to be stressed that, Wenzel and Cassie-Baxter are two idealized states that
indicate two extremes. It is also expected that an intermediate state between Cassie-Baxter
and Wenzel state will exist for more complex condition of chemical and morphological
heterogeneity[68]. A surface with reentrant topography been reported as an intermediate
state in between the transition from Cassie-Baxter to Wenzel’ state[69].
Wetting is a process that reduces the surface free energy by spreading over the solid
area with liquid, as a result liquid surface area decreases. Therefore, Cassie-Baxter state is
regarded as a metastable state because liquid fails to wet the entire solid area and suspends
on the top of the solid material due to an energy barrier. Wenzel’s state or wetted state is a
more thermodynamically favored state. The energy barrier can be induced by
roughness[70], geometric of the asperities [69], and surface chemistry[71]. The energy
barrier can be overcome by external stimuli, such as applying voltage, vibration, and
pressure[72], which can trigger the transition from Cassie-Baxter state to Wenzel’s state.
A hypothesis in terms of surface chemistry change was proposed to qualitatively
model the intermediate state. An energy barrier is added between Cassie-Baxter state and
Wenzel’s state due to the non-uniform surface chemistry. As illustrated in Figure 47, the
oxidized CNTs denoted as white on the top gradually changed to pristine CNTs denoted as
black in the bottom. This implies that some surface modification approaches, functional
groups that made the CNT hydrophilic may only be at the tips of the CNT carpets. Water
intrudes the rough surface initially and stops in the middle due to the hydrophobicity as
illustrated in Figure 48. The existence of gradually changed chemistry could be supported
by the work of Pinghui[73]. In this work, the top parts of CNT carpets were trimmed off
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by focused laser pruning, and the contact angle increased accordingly. This contact-angle
change suggests that the inherent contact angle in the middle is larger than that on the top.
To sum up, inhomogeneous chemistry along the axial direction of CNTs can lead
to an intermediate state between Cassie-Baxter state and Wenzel’s state. This qualitatively
intermediate state can be an intresting modeling topic for the future work.
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Figure 47 schematic model of aligned CNTs with gradually distributed oxygen radicals

Figure 48 schematic of intermediate state a) less intrusion in non-superhydrophobic carpets and b) more
intrusion result in hydrophilic carpets
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5 Application: Influence of Wettability on Fluid Flow
5.1 Introduction
Carbon fiber cloth(CFC) have drawn great attention due to their widely applications,
such as carbon fiber reinforced polymer (CFRP)[74], and fuel cells[75]. In fuel cells, gas
diffusion layer (GDL) permits the transport of reactant gas from the electrode/electrolyte
interface as well as provides paths to remove water from the catalyst layer[76]. Woven
CFC was selected as the gas diffusion layer (GDL) in fuel cells due to the conductivity as
well as porosity. In addition, CFC has potential application in liquid purification as filter
substrates since the woven structure can provides porous substrates with a wide range of
porosity and support for catalysts.
It has been suggested that the fluid flow behaviors through porous structure may
influence performance of these applications[77]. In this work, fluid flow behavior through
porous structure was engineered with surface treatment of CNT grafting and oxygen
plasma. The fluid flow through CFC characterized by fluid flow rate were studied by
established models.
Henry Darcy was the first one found flow resistance through porous media, and the
relationship with hydraulic pressure[78]. In Darcy’s Law, the pressure drop is linearly
proportional to the fluid velocity as shown in equation (5.1)
∆

= ( )

…… (5.1)

where Q is the flow discharge in ml/min; K is the intrinsic permeability of the medium in
m2; A is the cross-section area of porous medium in m2; ΔP is the total pressure drop
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through the length of porous media in Pa; µ is the viscosity in Pa·s; L is the length over
which the pressure drop is taking place in m. The term permeability determines the flow
resistance of fluid flow[76].
However, the Darcy’s law is restricted to slow and viscous flow with low Reynolds
numbers[79]. To account for the inertia induced by flow of higher rates, Forchheimer added
a quadratic correction term to Darcy’s equation, and become Darcy-Forchheimer
Equation[80]. Equation (5.1) becomes equation (5.2) as shown below:
∆

=

+

…… (5.2)

where β is Forchheimer coefficient in 1/m, ρ is the liquid density in g/ml, Q is the flow rate
in ml/min, μ is the viscosity in Pa·s, and ΔP/L is the hydrostatic pressure divided by
distance of porous medium in Pa/m, which is the opposite of pressure gradient. It can be
seen in Darcy-Forchheimer Equation, Equation (5.2), ΔP/L is in quadratic relationship with
flow rate Q. The coefficient of the linear term represents the flow resistance; the coefficient
of the quadratic term represents the inertial or turbulant term[81]. In this work, only the
resistance term or the linear term was studied.

5.2 Experimental
In this work, 3K Carbon fiber cloth (CFC) in plain weaving was used in
experiments. Three kinds of samples of different treatemment were used: as-received CFC,
CNT-grafted CFC, and oxygen plasma treated CFC. The pressure drop measurement is
carried out in an in-lab built pressure drop test setup as illustrated in Figure 49. Tap water
in a 1 L beaker was used for circulation. The water in the reservoir was pumped up by a
peristaltic pump (master flex model 7518-10) with a certain flow rate. A U-monometer was
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attached at a T-connector on the entry side of the acrylic tube. The pressure drop was
measured from the U-monometer at different volumetric flow rate. The filter material is
clamped in an acrylic tube of 2.0 inch in length, 1.0 inch in outer diameter, and 0.4 inch in
inner diameter. Several layers (2 to 5) of CFC of each kind were piled to stack as a filter.
The fluid flow rate values of each kind of sample were measured three times for validation.

5.3 Results and Discussion
The pressure drops of several stacks of CFC with volumetric flow rate are plotted
in Figure 50. The three kinds of samples are denoted in short for simplicity: as-received
carbon fiber cloth is denoted as A-CFC; CNT-grafted CFC is denoted as CNT-CFC;
Oxygen plasma treated CNT-grafted CFC is denoted P-CNT-CFC.
It can be seen in Figure 50 that ΔP of all stacks are in quadratic relationship with
water flow rate Q, which fit the trend of Darcy-Forchheimer Equation; CNT grafting
reduces the ΔP of same number of stacks; plasma treatment reduces the ΔP of same number
of stacks further. To express the pressure drop with volumetric flow, equation (5.2) is
modified by moving L to the right hand side as shown in equation (5.3):
∆ =

+

…… (5.3)

where ΔP is the pressure drop in mm H2O (1 mmH2O =9.80 Pa); L is the length of porous
media in m; μ is the viscosity in Pa·s; K is the intrinsic permeability of the medium in m 2;
Q is the volumetric flow rate in ml/min; A is the cross-section area of porous medium in
m2; β is Forchheimer coefficient in 1/m; ρ is the liquid density in g/ml. Since this study
only involves qualitative relation of flow resistance with surface treatments, we assume
Forchheimer coefficient β is constant. Only the coefficient of the linear term is discussed.
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The stack of three layers are shown separately in Figure 51 for clarity. These curves
were selected to fit the curve using equation (5.3). CNT grafting reduced the ΔP, which
means the resistance of A-CFC has been reduced by CNT grafting. Plasma treatment
reduced the ΔP, which means the resistance of CNT-CFC has been reduced by plasma
treatment. By artificially selecting the quadratic coefficient as 0.0006 in software Matlab,
good R-squared values can be given for all the stack-of-3-layer samples as shown in the
insets of Figure 51. It can be seen that the linear coefficient was reduced gradually from
0.1553 to 0.0976 by CNT grafting, and from 0.0976 to 0.0512 by plasma treatment,
respectively. These results show that the linear term of Darcy-Forchheimer Equation has
monotonous relationship to the fluid resistance.
In earlier study[82], CNT grafted reticulated vitreous carbon (RVC) foam were
tested with simialr method. In those samples from earlier study, ΔP increased when CNT
was attached. That was attributed to the reduction of porosity caused by CNT attachment.
Of these CFC samples, the results show an opposite trend of pressure drop, i.e., ΔP is
reduced by CNT attachment.
It can be seen in Figure 52, as-received CFC has large pores in between the tows.
In Figure 53, the grafted CNT carpets on CFC can be barely seen at this magnification,
which indicates that minor porosity change can be caused by CNT grafting in the current
pattern of woven fabric. Thus, this minor porosity change is not a factor to fluid flow. A
more plausible explanation is that the superhydrophobicity rendered by CNT grafting has
reduced the resistance induced by dragging effect or skin friction on the fluid-solid
interface[83], resulting in decreasing ΔP.
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However, it cannot be explained well the pressure drop from CNT-CFC to P-CNTCFC by the concept of wettability. It has been mentioned in Chapter 3 that oxygen plasma
treatment can make hydrophobic surface hydrophilic. It can be seen in Figure 51 that the
pressure was further reduced after oxygen plasma treatment, which does not agree with the
hydrophobicity-lead-to-less-resistance trend. There is another way to consider the fluid
flow through nano-tubes-loaded porous media. The decreasing resistance could be caused
by the capillary flow through the CNT carpets due to highly increased wettability. Earlier
studies showed this similar effect of reducing ΔP due to the increasing wettability[82].
In summary, fluid flow behaviors through CFC under the influence of surface
modification techniques were studied. For this pattern of sample, CNT grafting could
reduce the resistance of water through bare CFC due to the reduction of dragging effect.
Oxygen plasma treatment could further reduce the water flow resistance of CNT-CFC
caused by the improvement of capillary flow.
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Figure 49 schematic of water flow experiment setup
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Figure 50 pressure drop ΔP with flow rate Q of stacks of 2 to 5 layers of as-received CFC (solid lines), CNTgrafted CFC (dot lines), and plasma treated CNT-CFC (dash lines).
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Figure 51 pressure drop with flow rate of stack of 3 layers as-received CFC (bold solid line), CNT-grafted
CFC (bold dot line), and plasma treated CNT-CFC (dash line) and their curve fitting (thin solid lines)

Figure 52 SEM image of as-received carbon fiber cloth (A-CFC)
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Figure 53 SEM images of CNTs grafted carbon fiber cloth (CNT-CFC)
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6. Conclusion and Future Work
In this work, carbon nanotubes have been synthesized on flat graphite and carbon
fiber cloth with floating catalyst CVD method. Pure CNT carpets are seen to be
superhydrophobic. The surface wettability of this carpets could be modified with shortterm microwave oxygen plasma. It is seen that the contact angle of water decreased with
longer treatment time and higher microwave power. The superhydrophobic surface could
be made superhydrophilic. This effect could also be reversed using a simpler step of air
heating. In fact, repeated plasma and heat treatment steps could be used to cycle the CNT
nanocarpets between hydrophilic and hydrophobic status.
Field Emission Scanning Electron Microscopy was used to analyze the
microstructure and nanostructure of the surface. X-ray Photoelectron Spectroscopy was
used to investigate the surface chemistry. It was seen that the contact angle was correlated
with C-O/OH component in C 1s and O1s peaks.
Simple models for water contact angles on uneven surface have been discussed.
The range of inherent contact angle of graphitic material is estimated from experiments
and literature. The inherent contact angle was used in predicting contact angle on pure CNT
carpets using Cassie-Baxter equation. The estimated contact angle values obtained by two
different approaches were in good agreement with experimental values.
An engineering property that will depend on surface-liquid interaction is water flow.
In order to explore how wettability may influence this, CNT arrays were grafted on carbon
fiber cloth using the same method. The flow of water through this porous fabric was tested
by measuring pressure drop with volumetric velocity. It was seen that the resistance of flow
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(P for a given flow rate) was reduced by CNT array attachment. This resistance was
reduced further when the superhydrophobic CNT-grafted carbon fiber cloth was made
hydrophilic by plasma treatment. These trends have been compared with earlier studies of
CNT carpets on a different type of porous medium.
In future, computational method can be used to take account of more details to
model the contact angle for CNT surface. The influence of the contact angle or wetting
state on the fluid flow can be further clarified by more controlled experiments and
simulations.
.
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M. Peszyńska, A. Trykozko, and W. Sobieski, “Forchheimer law in computational
and experimental studies of flow through porous media at porescale and mesoscale,”
Math. Sci. Appl., vol. 32, pp. 463–482, 2010.

[81]

J. T. Richardson, Y. Peng, and D. Remue, “Properties of ceramic foam catalyst
supports: Pressure drop,” Appl. Catal. A Gen., vol. 204, no. 1, pp. 19–32, 2000.

[82]

A. K. Karumuri, “Hierarchical Porous Structures Functionalized with Silver
Nanoparticles : adaptation for antibacterial applications,” Wright State University,
2014.

[83]

H. Park, H. Park, and J. Kim, “A numerical study of the effects of superhydrophobic
surface on skin-friction drag in turbulent channel flow,” Phys. Fluids, vol. 25, no.
11, 2013.

86

Appendix A: Contact Angle Measurement with
SolidWorks™
Create a new file and insert picture of a water droplet with sketch picture tool. Draw
baseline using line tool and fit the circle with three-point arc tool. To draw the tangent line
of the curve, the curve needs to be selected to let the program know a line is to be draw
related to the selected one. A tangent line can be drawn by fitting the yellow dash line. Use
the smart dimension tool to measure the angle between the baseline and the tangent line.

87

Appendix B: Data Table of Switchable Contact Angle

Plasma 1s

Contact Angle (˚)

180
160
140
120
100
80
60
40
20
0

Plasma 2s
Plasma 3s
Plasma 4s
As grown

Plasma

Air
Plasma
Air
Plasma
Air
Annealing
Annealing
Annealing

Figure A 1 contact angle of water on fresh CNT carpets
Table A 1 Contact angle of water on fresh CNT carpets

As-grown

Plasma

Air

Plasma

Air

Plasma

1s plasma

162.3±01

145.9±3.4

162.5±1.0

145.9±3.4

163.3±0.8

145.9±3.4

162.3±0.4

2s plasma

162.3±0.2

117.1±2.0

162.9±1.1

117.1±2.0

163.1±0.9

117.1±1.9

162.3±0.3

3s plasma

162.3±0.2

71.0±1.0

163.3±0.9

71.0±1.1

163.4±1.1

71.0±0.9

162.3±0.3

4s plasma

162.3±0.1

51.0±1.5

162.7±0.6

51.0±4.3

162.2±1.0

51.0±2.8

162.3±0.5

annealing
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Annealing

Air

Annealing

180
160
140

1s Plasma

Contact Angle (˚)

120

2s plasma

100

3s plasma

80

4s plasma

60
40
20

0

As grown Plasma

Air
Plasma
Air
Plasma
Air
Annealing
Annealing
Annealing

Figure A 2 contact angle of water on collapsed CNT carpets
Table A 2Contact data of water on collapsed CNT carpets

As-grown

Plasma

Air

Plasma

Air

Plasma

1s plasma

160.0±0.1

145.9±2.2

157.0±1.8

124.0±5.0

148.0±1.8

120.0±4.6

142.5±5.0

2s plasma

160.0±0.1

117.1±0.5

154.7±0.6

100.0±11.2

145.0±1.0

84.0±8.0

133.3±3.3

3s plasma

160.0±.01

73.4±9.8

152.9±9.0

65.0±2.0

140.0±3.1

50.0±2.0

130.3±4.3

4s plasma

160.0±0.1

50.0±0.5

146.9±0.6

54.0±1.4

140.0±1.1

30.0±8.3

130.2±4.4

annealing
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Annealing

Air

Annealing

